We propose a description of Newtonian gravity as a long wavelength excitation of the scalar condensate inducing electroweak symmetry breaking. Indeed, one finds a − G F η m i m j r long-range potential where G F is the Fermi constant and η ≡ M 2 h 2m 2 is determined by the ratio between the Higgs mass M h and the mass m of the elementary quanta of the symmetric phase ('phions'). The parameter η would diverge in a true continuum theory so that its magnitude represents a measure of non-locality of the underlying field theory.
Introduction
In this paper we shall present a simple mechanism to explain the physical origin of Newtonian gravity. However, the motivations for our proposal depend crucially on the description of spontaneous symmetry breaking (SSB) in scalar quantum field theories. For this reason, we shall address the main issue in sects.2 and 3, after the preliminary discussion presented in this Introduction.
The 'condensation' of a scalar field, i.e. the transition from a symmetric phase where Φ = 0 to the physical vacuum where Φ = 0, has been traditionally described as an essentially classical phenomenon (with perturbative quantum corrections). In this picture, one uses a classical potential
where the phase transition, as one varies the m 2 parameter, is second order and occurs at m 2 = 0.
As discussed in ref. [1] , the question of vacuum stability is more subtle in the quantum theory. Here, the starting point is the Hamiltonian operator
after quantizing the scalar field Φ and the canonical momentum Π in terms of annihilation and creation operators a k , a † k of a reference vacuum state |o (a k |o = o|a † k =0). These satisfy the commutation relations [a k , a † k ′ ] = δ k,k ′ . (1.3) and, due to normal ordering, the quadratic part of the Hamiltonian has the usual form
for the elementary quanta of the symmetric phase ('phions').
Now the trivial vacuum |o where Φ = 0 is clearly locally stable if phions have a physical mass m 2 > 0. However, is an m 2 > 0 symmetric vacuum necessarily globally stable ? Could the phase transition actually be first order, occurring at some small but positive value of the physical mass squared m 2 > 0? The question is not entirely trivial just because [1] the static limit of the 2-body phion-phion interaction is not always repulsive.
Besides the tree-level repulsive potential there is an induced attraction from higher-order graphs. In this case, for sufficiently small values of m, the trivial 'empty' state |o may not be the physical vacuum.
The answer to the question depends on the form of the effective potential V eff (φ) and it is not surprising that different approximations may lead to contradictory results on this crucial issue. The situation is similar to the Bose-Einstein condensation in condensed matter that is a first-order phase transition in an ideal gas. However, in interacting systems the issue is more delicate and often difficult to be settled experimentally. Theoretically is predicted to be a second-order transition in some approximations but it may appear as a weak first-order transition in other approximations [2] .
We shall refer to [1, 3] for details on the structure and the meaning of various types of approximations to the effective potential and just report a few basic results:
i) the phase transition is indeed first order as in the case of the simple one-loop potential. This is easy to realize if one performs a variational procedure, within a simple class of trial states that includes |o . In this case, one finds [4] that the m = 0 theory lies in the broken phase. Therefore the phase transition occurs earlier, for some value of the phion mass m ≡ m c that is still positive. This conclusion is confirmed by the results of ref. [5] that provides the most accurate non-perturbative calculation of the effective potential of λΦ 4 theories performed so far.
Understanding the magnitude of m c requires additional comments. The normal ordering prescription in Eq.(1.2) eliminates all ultraviolet divergences of the free-field case at λ = 0 but for λ > 0 there are additional divergences. For this reason, one introduces an ultraviolet cutoff Λ and defines the continuum theory as a suitable limit Λ → ∞. In this case, however, one is faced with a dilemma since a meaningful description of SSB in quantum field theory must provide m c = 0. Otherwise, from the existence of a non-vanishing mass gap controlling the exponential decay of the two-point function of the symmetric phase, and the basic axioms of quantum field theory [6] one would deduce the uniqueness of the vacuum (and, thus, no SSB). The resolution of this apparent conflict is that the continuum limit of the cutoff-regulated theory gives a vanishing ratio (ǫ ≡ 1 ii) there is a deep difference between a 'free-field' theory and a 'trivial' theory [7] where the interaction effects die out in the continuum limit. The former has a quadratic effective potential and a unique ground state. The latter, even for a vanishingly small strength λ = O(ǫ) of the elementary two-body processes can generate a finite gain in the energy density, and thus SSB, due to the macroscopic occupation of the same quantum state, namely to the phenomenon of Bose condensation. This leads to a large re-scaling of Φ . Indeed, one can introduce, in general, two distinct normalizations for the vacuum field φ, say a 'bare' field φ = φ B and a 'renormalized' field φ = φ R . They are defined through the quadratic shapes of the effective potential in the symmetric and broken phase respectively
Due to 'triviality', the theory is "nearly" a massless, free theory so that V eff is an extremely
Just for this reason, the rescaling of the 'condensate' Z = Z φ is different from the more conventional quantity Z = Z prop defined from the residue of the shifted field propagator at p 2 = M 2 h . According to Källen-Lehmann decomposition and 'triviality' this has a continuum limit Z prop = 1 + O(ǫ).
iii) the existence of two different continuum limits Z φ → ∞ and Z prop → 1 reflects a fundamental discontinuity in the 2-point function at p = 0 (p= Euclidean 4-vector). This effect is not totally unexpected and its origin should be searched in the infrared divergences of perturbation theory for 1PI vertices at zero external momenta [8] . Of course, after the Coleman-Weinberg [9] analysis, we know how to obtain infrared-finite expressions for 1PI vertices at zero external momenta. This involves summing up an infinite series of graphs of different perturbative order with different numbers of external legs, just as in the analysis of the effective potential that was taken as the starting point for our analysis. In this case, the second derivative of the effective potential gives Γ (2) (p = 0), the inverse susceptibility
rather than Γ (2) (0) = M 2 h as expected for a free-field theory where
Notice that SSB requires the subtraction of disconnected pieces so that continuity at p = 0 does not hold, in general. At the same time, a mismatch at p = 0 does not violate 'triviality' since no scattering experiment can be performed with exactly zero-momentum particles. On the other hand, for large but finite values of the ultraviolet cutoff Λ, when 'triviality' is not complete, the discrepancy between Γ (2) (0) and M 2 h will likely 'spill over' into the low-momentum region p 2 ∼ ǫM 2 h . In this region, we expect sizeable differences from the free-field form Eq.(1.10).
If really Z φ = Z prop this result has to show up in sufficiently precise numerical simulations of the broken phase. To this end, the structure of the two-point function has been probed in refs. [11] by using the largest lattices considered so far. One finds substantial deviations from Eq.(1.10) in the low-p region and only for large enough p, Γ (2) (p) approaches the free field form (1.10). Also, the lattice data of refs. [11] support the prediction that the discrepancy between Γ (2) (0) and the asymptotic value M 2 h becomes larger when approaching the continuum limit. Notice that no such a discrepancy is present in the symmetric phase where Φ = 0.
In conclusion: theoretical arguments and numerical evidences suggest that in the limit k → 0 the excitation spectrum of the broken phase can show substantial deviations from the free-field formẼ = k 2 + M 2 h . Due to the 'triviality' of the theory, the deviations from the free-field behaviour should, however, be confined to a range of k that becomes infinitesimal in units of M h in the continuum limit Λ → ∞.
A gap-less mode in the broken phase
In this section we shall present a simple argument to illustrate the nature of the excitation spectrum of the broken phase in the limit k → 0. Our analysis starts from the simple relation between the phion density n and the scalar field expectation value Its physical meaning is transparent. If we consider the symmetric vacuum state ("empty box") and add a very small density n of phions (each with vanishingly small 3-momentum) the energy density changes by nm in the limit n → 0. On the other hand, spontaneous symmetry breaking can be viewed as a phion-condensation process. This occurs at those
By using Eq.(2.1) and defining the ground-state particle density
4)
we also obtain ∂E ∂n n=nv = 0 (2. where c s is the sound velocity
Here a ∼ λ 8πm denotes the S-wave 'phion-phion' scattering length which enters the expression for the Higgs mass [1]
Notice that Eq. (2.7) becomes a better and better approximation in the limit of very low-densities n v a 3 → 0 where all condensed phions are found in the state at k = 0 and there is no population of the finite momentum modes ('depletion').
Let us analyze the situation in the case of spontaneous symmetry breaking in cutoff λΦ 4 theory. On one hand, 'triviality' requires a continuum limit with a vanishing strength λ = O(ǫ) for the elementary 2-body processes. On the other hand, together with Eq.(1.5), this leads to aM h ∼ √ ǫ. Therefore, since one takes M 2 h ≡ 8πn v a as a cutoff-independent quantity, we find
When ǫ → 0, the phion-condensate becomes infinitely dilute so that the average spacing between two phions in the condensate, d ≡ n −1/3 v becomes enormously larger than their scattering length. In this limit, the energy spectrum (2.7) becomes exact ( in the limit k → 0). Notice, however, that the phion density n v = 1 2 mv 2 B , is very large, O(ǫ −1/2 ), in the physical units denoted by the correlation length ξ h ≡ 1/M h . Indeed, d ξ h ∼ ǫ 1/6 . It is because there is such a high density of phions that their tiny 2-body interactions O(ǫ) can produce a finite effect on the energy density.
In conclusion: spontaneous symmetry breaking in a cutoff λΦ 4 theory gives rise to an excitation spectrum that is not exactly Lorentz-covariant. The usual assumptionẼ(k) ∼ k 2 + M 2 h is not valid in the limit k → 0 where one actually finds a 'sound-wave' shapẽ E(k) ∼ c s k. This result reflects the physical presence of the scalar condensate.
A long-range potential in Higgs condensates
It is well known that condensed matter systems can support long-range forces even if the elementary constituents have only short-range 2-body interactions. Just for this reason, it is not surprising that the existence of a gap-less mode for k → 0 in the broken phase can give rise to a long-range potential. For instance, when coupling fermions to a (real) scalar
Higgs field with vacuum expectation value v through the Standard Model interaction term
the static limit ω → 0 of the Higgs propagator
gives rise to an attractive potential between any pair of masses m i amd m j
By assuming Eqs.(2.6) and (2.7) for k → ∞ and k → 0, and using the Riemann-Lebesgue theorem [12] on Fourier transforms, the leading r → ∞ behaviour is universal. Any form of the spectrum that for k ∼ m interpolates between the two asymptotic trends would produce the same result. At large distances r >> 1/m one finds (η ≡ c 2 [15] . Here, however the framework is very different since the h−field propagates in the presence of the phion condensate. Also, Eq.(3.5) represents the appropriate form to implement a 'strong form' of the Equivalence Principle [16] by extending the notion of inertia to the electromagnetic field through non-scale invariant quantum effects [17] .
We note that the strength of the long-range potential is proportional to the product of the masses and is naturally infinitesimal in units of G F . It would vanish in a true continuum theory. Therefore, it is natural to relate this extremely weak interaction to the gravitational potential and to the Newton constant G by identifying
Notice, that the long-range 1/r potential is a direct consequence of the existence of the scalar condensate. Therefore, speaking of gravitational interactions makes sense only for particles that can induce variations of the phion density by exciting the gap-less mode of the Higgs field. In this sense, phions, although possessing an inertial mass, have no 'gravitational mass'.
In 
Concluding remarks
In this paper we have presented a simple physical picture where Newtonian gravity emerges as a long-wavelength excitation of the scalar condensate inducing spontaneous symmetry breaking. We emphasize that our main result in Eq. Many readers, we realize, will be reluctant since the presently accepted point of view tends to regard Newtonian gravity as a well defined limit of Einstein gravity. This is believed to lie outside of the Standard Model and to require fundamental and genuinely new interactions and particles (spin-2 gravitons). On the other hand, our present understanding of the origin of the known particle masses and the highly accurate equality between their inertial and gravitational mass should convince a skeptical reader that our result is not totally unexpected. The point is that Einstein's description of gravity is purely geometric and macroscopic. It does not depend on any hypothesis about the physical origin of this interaction. General relativity, by itself, does not even predict [19] the sign of the gravitational force (attraction rather than gravitational repulsion). Rather, Einstein had to start from Newtonian gravity to get the basic idea to transform this type of interaction into a metric structure. For this reason, it is not surprising that a few 'crucial tests'
of Einstein theory merely verify [20] two well established theoretical structures, namely Special Relativity (SR) and Equivalence Principle (EP). In this sense, it is conceivable that the presently accepted point of view may not necessarily represent the only possible conceptual unification.
The new result is that the crucial ingredient for the Equivalence Principle, namely 'inertial mass=gravitational mass', turns out to be a deducible consequence of our present understanding of electroweak interactions. Notice that the non-trivial coexistence of 'SR'
and 'EP' does not require to change the space-time but is due to the choice of the ground state whose excitation spectrum is not exactly Lorentz-covariant. This also removes all self-contradictory statements of accomodating gravity within an exactly Lorentz-covariant theory [21] and represents a step towards a more comprehensive theory whose final form, of course, we are not able to predict. Still, on astronomical distances, just as with the Newton potential, one would naturally try to follow a 'geometric' approach to gravity by removing from the theory the 'classical' component of the field h(x) that describes the longwavelength excitations of the scalar condensate according to Eqs.(2.7) and (2.8) and using a general-covariant formalism. In our case, this procedure gives rise to a spontaneously broken theory of Einstein gravity [22, 23, 24] where gravity is induced by the Standard Model Higgs field [25, 26] . A possible non-trivial difference is associated with the physical presence of the phion condensate. This may require a preferred metric structure since this unusual form of matter has an inertial mass and transmits gravity without generating any curvature. Since there is no cosmological term associated with spontaneous symmetry breaking, it seems natural to require √ g = 1 [27] so that Einstein equations are replaced by their traceless version. Although this modification of full general covariance, by itself, should represent only a limited change [28] we cannot exclude further modifications of the theory at the cosmological level.
Truly enough, the previous discussion refers to the relation of our picture with classical Einstein gravity. A comparison with the intricate quantum theory of self-interacting massless spin-2 particles, if possible, is beyond the scope of the present paper [29] .
To conclude, we want to emphasize that our picture, besides its conceptual simplicity, provides a natural solution of the so-called 'hierarchy-problem'. This depends on the infinitesimally weak first-order nature of the phase transition: in units of the Fermi scale,
, the Planck scale G −1/2 would diverge for a vanishing phion mass. These three scales are hierarchically related through the large number √ η ∼ 10 17 that is the only manifestation of an ultimate ultraviolet cutoff. In this sense, spontaneous symmetry breaking represents an approximately scale-invariant phenomenon and it is conceivable that (powers of) the 'replica-factor' 10 17 will further show up in a natural way. This speculation may not be too far from the actual physical situation in cosmology (see fig.14.3 of ref. [16] and [32] ).
